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Figure legends

Figure 1. Delayed H/M ratio of '*I-MIBG (a) and washout rate (b) in the study population.

Figure 2. Relationships between the washout rate of '*I-MIBG and the plasma level of BNP (a),

and the echocardiographic LVEF (b).

Figure 3. Washout rate of '“I-MIBG and all cardiac events of patients with heart failure with
preserved ejection fraction. Survival curves were created by a Kaplan-Meier method and analyzed

by a log-rank test.

—145—



Table 1. Clinical characteristics of control subjects and 94 patients with heart failure

Control HFPEF p Value
n=20 n=94
Age (y) 57 +17 64+ 15 0.0438
Gender (male/female) 10/10 54/40 NS
NYHA functional Class (I/II/III/TV) - 26/51/17/0 -
Hypertension 5 (25%) 48 (51%) 0.0274
Hyperlipidemia 4 (20%) 17 (18%) NS
Diabetes mellitus 4 (20%) 17 (18%) NS
Current smoker 3(15%) 19 (20%) NS
Etiology
Dilated cardiomyopathy - 19 (20%) -
Ischemic heart failure - 14 (15%) -
Valvular heart disease - 23 (24%) -
Hypertensive heart disease - 6 (6%) -
Arrhythmogenic - 17 (18%) -
Others - 15 (16%) -
Blood examination
Sodium (mEg/L) 142 +2.0 141 +3.0 NS
Uric acid (mg/dL) 47+1.1 6.1 +2.1 0.0048
Estimated GFR (mL/min/1.73/m?) 81.5+20.9 68.2 +22.1 0.0154
BNP (pg/mL) 11.3(4.4-48.4) 158(53.8—-308) <0.0001
Echocardiography
IVSD (mm) 11.5+4.1 11.6 +3.6 NS
LVPWD (mm) 10.5+2.3 112+28 NS
LVEDD (mm) 47+6.7 48 +9.6 NS
LVEF (%) 68 + 11 63+ 11 NS
LAD (mm) 36 +6.6 43+9.8 0.0101
E/A ratio 1.06 + 0.5 0.89+04 NS
E wave DCT (ms) 225+49 228 + 140 NS
'B1.MIBG imaging
Early H/M ratio 2.13+03 1.93+0.3 0.0088
Delayed H/M ratio 230+03 1.84 +0.3 <0.0001
WR (%) 10.1 +6.8 294+ 15.4 <0.0001
Medications
ACE inhibitors and/or ARBs 2 (10%) 53 (56%) 0.0002
B -blockers 1 (5%) 37 (39%) 0.0031
Ca-channel blockers 3 (15%) 23 (24%) NS
Loop diuretics 0 (0%) 39 (41%) 0.0004
Spironolactone 0(0%) 14 (15%) NS
Statins 2 (10%) 10 (11%) NS
Digoxin 0 (0%) 22 (23%) 0.0160

HFPEF, heart failure with preserved ejection fraction; NYHA, New York Heart
Association; GFR, glomerular filtration rate; BNP, brain natriuretic peptide; [IVSD, intra
ventricular septal dimension; LVPWD, left ventricular posteriol dimension; LVEDD,
left ventricular end-diastolic dimension; LVEF, left ventricular ejection fraction; LAD,
left atrial dimension; DCT, deceleration time; '®I-MIBG, iodine-123
meta-iodobenzylguanidine; H/M, heart to mediastinum; WR, washout rate; ACE,
angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; NS, no
significance.
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Table 2. Comparisons of clinical characteristics between patients with low and high

values of 'PI-MIBG washout rate

Low WR High WR p Value
(<25.2%) group (> 25.2%) group
n=48§ n=46
Age (y) 62+ 15 67+ 14 NS
Gender (male/female) 28/20 26/20 NS
NYHA functional Class (I/II/11I) 23/23/2 3/28/15 <0.0001
Hypertension 24 (50%) 24 (52%) NS
Hyperlipidemia 8 (17%) 9 (20%) NS
Diabetes mellitus 3 (6%) 14 (30%) 0.0023
Current smoker 8 (17%) 11 (24%) NS
Etiology
Dilated cardiomyopathy 12 (25%) 7 (15%) -
Ischemic heart failure 6 (13%) 8 (17%) -
Valvular heart disease 10 (21%) 13 (28%) -
Hypertensive heart disease 2 (4%) 4 (9%) -
Arrhythmogenic 10 (21%) 7 (15%) -
Others 7 (15%) 8 (17%) -
Blood examination
Sodium (mEg/L) 141 +2.2 141 +3.2 NS
Uric acid (mg/dL) 6.1+2.0 62+22 NS
Estimated GFR (mL/min/1 73/m?) 74.3+22.7 61.8+19.7 0.0053
BNP (pg/mL) 79.8 (27.9—140) 202 (120-459)  <0.0001
H-FABP (ng/mL) 49+4.7 57+4.7 NS
Echocardiography
IVSD (mm) 11.1+3.4 12.1+3.8 NS
LVPWD (mm) 10.9+2.6 11.5+3.0 NS
LVEDD (mm) 48 +9.8 49+94 NS
LVEF (%) 62+11 65+ 11 NS
LAD (mm) 41 +8.8 44 + 11 NS
E/A ratio 095+04 0.83+04 NS
E wave DCT (ms) 203 +55 251 + 187 NS
'Z1.MIBG imaging
Early H/M ratio 2.00 +0.3 1.86 +0.4 0.0416
Delayed H/M ratio 2.00+0.3 1.67+0.3 <0.0001
WR(%) 18.2+6.9 409 +13.2 <0.0001
Medications
ACE inhibitors and/or ARBs 24 (50%) 29 (63%) NS
8 -blockers 15 (31%) 22 (48%) NS
Ca-channel blockers 11 (23%) 12 (26%) NS
Loop diuretics 18 (38%) 21 (46%) NS
Spironolactone 5 (10%) 9 (20%) NS
Statins 2 (4%) 8 (17%) 0.0376
Digoxin 11 (23%) 11 (24%) NS

H-FABP, heart-type fatty acid binding protein. Other abbreviations see in Table 1.
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Table 3. Results of the univariate Cox proportional hazard analysis

Variables , HR  95% CIof HR p Value
Age (per lyear increase) 1.032 0.999-1.067 NS
NYHA functional Class I, II vs. 111 3.869 1.767-8.469 0.007
Sodium* 0.655  0.439-0.979  0.0389
Uric acid* 2.143 1.361-3.372 0.001
Estimated GFR* 0.588  0.387-0.915  0.0172
LogioBNP* 1.553 1.030-2.340  0.0353
LAD* 1.928 1.349-2.732  0.0003
LVEF* 1.057  0.715-1.539 NS
WR* 1.969 1.398-2.754  <0.0001

*: per 1 SD increase

HR, hazard ratio; Cl, confidence interval. Other abbreviations see in Table 1.

Table 4. Results of the multivariate Cox proportional hazard analysis

Variables HR 95%CIofHR p Value
NYHA functional Class I, II vs. Il 0.632  0.153-2.608 NS
Sodium* 0.801  0.512-1.249 NS
Uric acid* 1.770  1.025-3.059  0.0404
Estimated GFR* 1.022  0.640-1.653 NS
LogioBNP* 1.167  0.675-2.016 NS
LAD* 1.205  0.772-1.888 NS
WR* , 1.688  1.016-2.794  0.0437

*: per 1SD increase
Other abbreviations see in Table 1 and 3
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Fibroblasts, which are the most numerous cell type in the heart, interact with cardiomyocytes in vitro and affect
their function; however, they are considered to play a secondary role in cardiac hypertrophy and failure. Here
we have shown that cardiac fibroblasts are essential for the protective and hypertrophic myocardial responses
to pressure overload in vivo in mice. Haploinsufficiency of the transcription factor-encoding gene Kriippel-like
factor 5 (KIf5) suppressed cardiac fibrosis and hypertrophy elicited by moderate-intensity pressure overload,
whereas cardiomyocyte-specific KIf5 deletion did not alter the hypertrophic responses. By contrast, cardiac
fibroblast-specific KIf5 deletion ameliorated cardiac hypertrophy and fibrosis, indicating that KLF5 in fibro-
blasts is important for the response to pressure overload and that cardiac fibroblasts are required for cardio-
myocyte hypertrophy. High-intensity pressure overload caused severe heart failure and early death in mice with
KIf5-null fibroblasts. KLFS transactivated Igf] in cardiac fibroblasts, and IGF-1 subsequently acted in a para-
crine fashion to induce hypertrophic responses in cardiomyocytes. Igfl induction was essential for cardiopro-
tective responses, as administration of a peptide inhibitor of IGF-1 severely exacerbated heart failure induced
by high-intensity pressure overload. Thus, cardiac fibroblasts play a pivotal role in the myocardial adaptive
response to pressure overload, and this role is partly controlled by KLF5. Modulation of cardiac fibroblast func-

tion may provide a novel strategy for treating heart failure, with KLFS5 serving as an attractive target.

Introduction

Myocardial hypertrophy is an essential adaptive process through
which the heart responds to various mechanophysical, metabolic,
and genetic stresses. However, the hypertrophy induced by sus-
tained overload eventually leads to contractile dysfunction and
heart failure through mechanisms that remain poorly understood
(1). In addition to enlargement of individual cardiomyocyres, the
hypertrophied myocardium exhibits complex structural remodel-
ing that involves rearrangement of the muscle fibers, interstitial
fibrosis, accumulation of extracellular matrix, and angiogenesis
(2, 3), which implies that the non-muscle cells residing in the inter-
stitium likely play important roles in both cardiac hypercrophy
and heart failure. In fact, cells other than cardiomyocytes account
for approximately 70% of the total cell number in the heart, with
the majority being fibroblasts (4, 5). In addition to extracellular
matrix proteins (e.g., collagens), cardiac fibroblasts produce a vari-
ety of growth factors that likely mediate an interplay between car-
diac fibroblasts and cardiomyocytes. For instance, several humoral
factors secreted by cardiac fibroblasts, including cardiotrophin-1
(6), endothelin-1 (7), IL-6 (8), periostin (POSTN) (9), and leukemia
inhibitory factor (10), have been shown to induce hypertrophic

Contflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: J. Clin. Invest. 120:254-265 (2010). doi;10.1172/JCI40295.
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responses in cultured cardiomyocytes. Cardiac fibroblasts also
promote proliferation of cardiomyocytes through paracrine inter-
actions in developing hearts (11). And very recently it was shown
that inhibition of a fibroblast-selective miRNA ameliorated car-
diac fibrosis, hypertrophy, and dysfunction, suggesting that fibro-
blasts play a detrimental role in cardiac remodeling (12). Still, che
precise function of cardiac fibroblasts during adaptive responses
of the myocardium remains unclear (2).

Members of the Kriippel-like factor (KLF) family of transcrip-
tion factors are important regulators of development, cellular
differentiation and growth, and the pathogenesis of various dis-
eases, including cancer and cardiovascular disease (13). We previ-
ously used KIf$*/~ mice to show that KLFS is required for cardiac
hypertrophy and fibrosis in response to continuous infusion of
angiotensin II (AHl) (14, 15). In primary cultured cardiac fibro-
blasts, KLFS directly controls transcription of Pdgfz, encoding
platelet-derived growth factor A (PDGF-A) (14), which is known
to be involved in tissue remodeling and wound healing (16-19).
The precise role played by KLFS in cardiac hypertrophy and heart
failure remains unclear, however.

In the present study, we developed conditional KIfS-knockout
mouse lines to examine the cell type-specific functions of KLF5
in cardiac hypercrophy and heart failure. While cardiomyocyte-
specific deletion of KIf5 did nor alter the hypertrophic responses
Number 1

Volume 120 January 2010
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Figure 1

KLF5 is essential for pressure overload-
induced hypertrophy. (A~D) KIf5+- and wild-
type mice were subjected to LI-TAC or sham
operation. (A) Representative low-magnifi-
cation views of H&E-stained heart sections
from WT and KiIf5+- mice 2 weeks after the
operations. Scale bar: 1 mm. (B and C) Heart
weight/body (HW/BW) weight ratios (B) and
relative cross-sectional areas of cardiomyo-
cytes (C) from wild-type and KIf5+- hearts. (D)
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to pressure overload, cardiac fibroblast-specific deletion of KIfS
ameliorated cardiac hypertrophy in a moderate-intensity pressure
overload model, indicating that fibroblasts are essential for hyper-
trophic responses of the myocardium. Notably, however, cardiac
fibroblast-specific KIfS-knockour mice developed severe heart fail-
ure when subjected to high-intensity pressure ovetload, suggesting
cardiac fibroblasts have a cardioprotective function. We furcher
demonstrated that KLFS controls expression of IGF-1, which
mediates the interplay between cardiomyocytes and fibroblasts.
These data provide compelling evidence that cardiac fibroblasts
play a pivoral role in the adaptive response of the myocardium.

Results
KLFS plays an important role in pressure overload—induced cardiac hyper-
tropky. To analyze KLES’s function in cardiac adaprive responses,
we first established models of pressure overload-induced car-
diac hypertrophy using transverse aortic constriction (TAC).
By applying a low-intensity TAC (LI-TAC) for 2 weeks, we were
able to induce cardiac hypertrophy with preserved cardiac sys-
tolic function, while application of high-intensity TAC (HI-TAC)
induced severe myocardial dysfunction and LV dilation (Supple-
mental Figures 1 and 2; supplemental material available online
with this article; doi:10.1172/JCI40295DS1). The survival rates in
the LI- and HI-TAC groups were 100% and 90%, respectively, after
2 weeks, which suggests that the LI-TAC model induces adaptive
hypertrophy, while in the HI-TAC model, the adaptive response
fails to protect against the severe pressure overload and enable
maintenance of cardiac function.

When we examined the involvement of KLFS in cardiac hypertro-
phy using the LI-TAC model, we found that cardiac expression of
KLFS was increased by LI-TAC (Supplemental Figure 3) and chat
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Fractional areas of fibrosis in cross sections
of hearts as determined by elastic picrosirius
red staining. *P < 0.01 versus sham control
of the same genotype; *P < 0.05 versus wild-
type subjected to TAC. n = 7. (E) Expression
of KLF5 in normal and hypertrophied hearts 4
days after LI-TAC. Cells were double stained
for KLF5 (brown) and a cardiomyocyte marker,
oaMHC (red); nuclei were counterstained in
blue. Scale bar: 20 um.
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LI-TAC-induced cardiac hypertrophy and fibrosis was diminished
in KIfS*/- mice (Figure 1 and Supplemental Figure 4). Moreover,
expression of 4 fibrosis-related genes, Collal, Fnl, Ctgf, and Sppl, was
significantly suppressed in KIf$*~ mice (Supplemental Figure 4).
Thus KLFS appears to play a critical role in pressure overload-
induced cardiac hypertrophy and fibrosis.

Cardiomyocyte-specific deletion of KIfS does not affect pressure overload-
induced cardiac hypertrophy. We found that KIfS is mainly expressed
in fibroblasts (Supplemental Figure 3C), which suggests that its
funcrion in fibroblasts might contribute to the phenotypes seen in
Kif5*/- mice. To test this idea, we generated several conditional KIf3-
knockout mouse lines (Supplemental Figure 5). Homozygous KIf5-
floxed (KIf3f) mice appeared normal, and expression of KIf5 was
unaltered (data not shown). The KIS mice were then crossed with
cardiomyocyte-specific Cre transgenic mice (¢aMHC-Cre) (20). In
cardiomyocytes from adult cardiomyocyte-specific KIf5-knockout
(KIfs",aMHC-Cre) mice, which were homozygous for both Floxed
Kif5 and the aMHC-Cre transgene, approximarely 70% of the KIfS
gene was deleted (Supplemental Figure 6). When KIS",aMHC-Cre
mice and control KI5 mice were subjected to LI-TAC, there were
no differences in cardiac structure or function, or gene expression,
between the 2 groups (Figure 2 and Supplemental Figure 7), which
means that the level of KIf5 deletion obtained in KIfS"f,aMHC-Cre
mice did not affect the hypertrophic response to TAC.

Cardiac fibroblast—specific deletion of KIfS reduces hypertrophic and
fibrotic responses. We then analyzed the function of KLFS in cardiac
fibroblasts using a transgenic mouse line in which Cre recombi-
nase was driven by a 3.9-kb mouse Postn promoter (21, 22), which
is restricted to the non-myocyte lineage in the neonatal heart
(P. Snider and S.J. Conway, unpublished observations). Periostin,
which is encoded by Postn, is not normally expressed in either the
255
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normal or pathological cardiomyocyte lineage (23), but is induced
in cardiac fibroblasts by TAC (9, 24, 25). The activity of Cre
recombinase in the Postn-Cre mice was examined after they were
crossed with R26RstoplacZ indicator mice (26). Although only a few
B-galacrosidase® cells were found in the heart under basal condi-
tions, LI-TAC induced robust lacZ expression in fibrotic areas in
hearts from R26RstoplacZ;Postn-Cre mice (Figure 3A and Supple-
mental Figure 8). As expected, lacZ expression was not detected in
either cardiomyocytes or ECs (Supplemental Figure 8).

We then used flow cytometry to further analyze expression of
B-galactosidase in populations enriched in either cardiomyo-
cytes or non-myocytes isolated from R26RstoplacZ;Postn-Cre mice
subjected ro LI-TAC (Supplemental Figure 9). f-Galactosidase*
cells were not found in the cardiomyocyte population. Moreover,
B-galactosidase* cells isolated from the non-myocyte population
expressed a fibroblast-specific marker, discoidin domain receptor 2
(Ddr2), but not the cardiomyocyte-specific marker aMHC (Myh6)
or the endothelial marker VE-cadherin (CdhS), which supports the
notion that B-galactosidase* cells are fibroblasts. -

KIfS"f mice were then bred with the Post#-Cre mice to generate
KIfSM0; Postn-Cre mice. These animals were born with no appar-
ent abnormalities and were healthy into adulthood. To examine
the efficacy of Cre-mediated deletion of KIfS in each cell type,
we isolated cardiomyocytes, cardiac fibroblasts, and ECs from
adult mice. Cardiomyocytes were isolated using the Langendorff
perfusion method (27). Fibroblasts and ECs were sorted from
non-myocyte-enriched cell populations using anti-Thy1 antibody
for fibroblasts (11, 28) and anti-CD31 for ECs. Because Thyl is
also expressed in T lymphocytes, CD3- cells were analyzed for sur-
face expression of Thyl and CD31 (Figure 3B). When the mRNA
expression of cell type-specific lineage markers was analyzed,
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Figure 2

Cardiomyocyte-specific deletion of KIf5 did not alter pressure
overload—-induced hypertrophy. Kif5% and Kif5!a MHC-Cre
mice were subjected to LI-TAC or sham operation. {(A) Rep-
resentative low-magnification views of H&E-stained heart
sections 2 weeks after LI-TAC. Scale bar: 1 mm. (B and C)
Heart weight/body weight ratios (B) and relative cross-sec-
tional areas of cardiomyocytes normalized to those obtained
from KIf5%" mice subjected to sham operations (C). (D) Frac-
tional areas of fibrosis. *P < 0.01 versus sham control of the
same genotype.n=7.

Myh6 was found to be expressed only in cardiomyocytes,
while Ddr2 was expressed only in Thy1*CD31-CD3- cells
and CdhS only in Thyl-CD31*CD3- cells (Figure 3C),
which indicates that Thy1*CD31-CD3- cells were fibro-
blasts. Approximarely 72% of the KIfS gene was deleted in
Thy1*CD31-CD3- fibroblasts isolated from KIf5/;Postn-
» Cre mice subjected to LI-TAC for 2 weeks, whereas only
4% was deleted in the sham-operated mice (Figure 3D).
No KIfS deletion was observed in cardiomyocytes or ECs.
Morteover, Cre mRNA was selectively expressed in Thy1*
fibroblasts, as was endogenous Postn mRNA, which is con-
sistent with fibroblast-specific Cre-mediated deletion by
Postn-Cre (Supplemental Figure 10).

We further analyzed expression of KIfS mRNA in each
cell type in mice subjected to either the sham operarion
or LI-TAC (Figure 3E). In sham-operated hearts, levels
of KIfS expression were higher in Thy1” fibroblasts than
in cardiomyocytes or ECs and did not differ between KIfS"f and
KIfSPF; Postn-Cre mice. LI-TAC markedly increased KIf5 expression
in fibroblasts (approximately 4-fold) and moderarely increased it
in cardiomyocytes in KIf$"# mice. While KIfS expression was clearly
reduced in fibroblasts from KIfS",Postn-Cre, as compared with
KIfSV mice, it was not altered in cardiomyocytes, which is again
consistent with fibroblast-specific deletion of KIf3.

LI-TAC induced less cardiac interstitial fibrosis in KIfS%/;Postn-Cre
mice than in control Kif3#/ mice, as expected (Figure 4, A-C), and
expression of fibrosis-related factors such as Collal, Fnl, Ctgf; and
Sppl was reduced (Supplemental Figure 11A). In addition to fibrosis,
increases in heart weight/body weight ratios, echocardiographic LV
wall chickness, and cardiomyocyte cross-sectional area were smaller
in KIfS"P; Postn-Cre mice than KIS" mice (Figure 4, D-F). Moreover,
expression levels of hypertrophy-related genes such as Nppa, which
encodes atrial natriuretic peptide (ANP), and Myh7, which encodes
B-myosin heavy chain, were lower in KIfS%; Postn-Cre than KIf5" mice
(Figure 4G), indicating suppression of hypertrophic responses. These
phenotypes clearly demonstrate that not only is KLES expressed in
cardiac fibroblasts essential for fibrosis, it is also important for medi-
ating subsequent cardiomyocyte hypertrophy.

IGF-1 controlled by KLFS mediates hypertropbic responses. We next
investigated the mechanisms by which KLFS expressed in fibro-
blasts controls hypertrophy of cardiomyocytes. Because earlier
studies have suggested there are paracrine interactions between
cardiomyocytes and fibroblasts (2, 3), we hypothesized that KLFS
might directly control the expression of paracrine factors in fibro-
blasts. To test that idea, we cultured cardiomyocytes in medium
conditioned by cardiac fibroblasts transfected with either siRNA
against KLFS (29) or control siRNA (Figure SA). We found that
the medium conditioned by KLFS knockdown fibroblasts was
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Figure 3

Fibroblast-specific deletion of KIf5 in KIf5"":Postn-Cre mice. (A) Fibroblast-specific dele-
tion of the floxed region in Postn-Cre mice was examined using R26RstoplacZ indicator
mice. LacZ expression was visualized using X-gal. Scale bars: 100 um. (B) CD3- cells
within non-myocyte-enriched cell populations isolated from aduit hearts were analyzed
for surface expression of the fibroblast marker Thy1 and the endothelial marker CD31.
(C) Relative expression levels of cell-lineage markers in adult cardiomyocytes (CM) iso-
lated using the Langendorff perfusion method, and in Thy1*CD31-CD3- (Thy1+) and
Thy1-CD31+CD3- (CD31+) cells sorted from non-myocyte-enriched populations as shown
in B. Myh6 (encoding aMHC), Ddr2 (encoding discoidin domain receptor 2, and Cdh5
(encoding VE-cadherin) were used as markers for cardiomyocytes, fibroblasts, and ECs,
respectively. The cells were isolated from 8-week-old mice subjected to sham opera-
tions. (D) Competitive PCR analysis for quantitation of Cre-mediated recombination of
the KIf5 gene region in adult cardiomyocytes, CD31+ ECs, and Thy1+ fibroblasts isolated
from KIf5"" and KIf5"";Postn-Cre mice 2 weeks after either the sham or LI-TAC opera-
tion. Competitive PCR was performed as shown in Supplemental Figure 6B. (E) Relative
expression levels of KIf5 mRNA in adult cardiomyocytes, Thy1+ fibroblasts, and CD31+
ECs isolated from KIf5"" and Kif5"":Postn-Cre mice as shown in B 5 days after either
sham operation or LI-TAC. Expression levels of KIf5 mRNA were assessed using real-
time PCR and normalized to those of 18s rRNA, after which they were further normalized
to the levels in Thy1+ cells isolated from KIf5" mice subjected to the sham operation.
*P < 0.01 versus sham control of the same genotype in the same cell lineage group;
#P < 0.01 versus KIf5" mice subjected to LI-TAC in the same cell lineage group.

less able to induce cardiomyocyte hypertrophy and ANP secretion
than medium conditioned by control cells (Figure 5, B-D), sug-
gesting that, in fibroblasts, KLFS does indeed control production

rasearch ardicle

myocytes. Similarly, Thyl* cardiac fibroblasts
isolated from KIfS"f; Postn-Cre mice subjected to
LI-TAC were less able to induce cardiomyocyte
hypertrophy than Thyl* cells from KIS mice
(Supplemencal Figure 12).

To identify the paracrine factor genes rargeted
by KLFS, we compared genome-wide gene expres-
sion profiles for the left vencricle in wild-type
mice subjected to the sham operation and those
subjected LI-TAC; and in KIfS"f and KIfS"; Postn-
Cre mice subjected to LI-TAC (Supplemental
Table 1). Thereafter, expression levels were veri-
fied by real-rime PCR. We screened for genes
encoding secreted proteins whose expression
levels were significantly increased by LI-TAC in
wild-type mice and were lower in KIfS"#; Postn-Cre
than Kif$"f mice. Among the 11 genes that met
these criteria, 6 were preferentially expressed in
cardiac fibroblasts, as compared with cardio-
myocytes (Supplemental Table 1), and included
2 growth factor genes, Igfl and Tgfb3, encoding
IGF-1 and TGF-B3, and Postn, encoding perios-
tin. While knocking down KLFS significantly
reduced expression of Igfl in cultured fibro-
blasts (Figure 6A), expression levels of Tgfb3 and
Postn were not altered (Supplemental Figure
13); suggesting that KLFS might directly con-
trol IgfT transcription. Moreover, Igfl expression
was highly enriched in fibroblasts (Figure 6B).
IGF-1 reportedly promotes cardiac growth and
improves cardiac function in patients with LV
dysfunction and advanced heart failure (30-32).
We therefore furcher analyzed Igfl as a likely
downstream target of KLFS.

We found thar upregularion of myocardial KIf5
expression after LI-TAC preceded the induction of
Igfl (Figure 6C). Levels of both KIfS and Igf1 expres-
sion were reduced in KIS Postn-Cre mice, as com-
pared with those in KIS/ mice, during che 2-week
observation period following the LI-TAC opera-
tion. The IgfI promoter contains a KLF-binding
motif (CCCCACCCAC) at -53 bp, which, in the
rar, is reportedly important for promoter activity
and bound by an as-yer-unidentified transcription
factor (Figure 6D) (33). Reporter analysis of the
Igfl promoter showed that KLFS transactivated
this promoter, but KLF15, which is expressed in
cardiomyocytes and cardiac fibroblasts (34, 35),
failed to do so, and muration within the poten-
tial KLFS-binding motif abolished KLFS-depen-
dent transactivation (Figure 6D). ChIP assays
confirmed that KLFS bound to the Igff promoter
(Figure 6E). As reported (30-32), IGF-1 induced
hypertrophy in cultured cardiomyocytes (Supple-
mental Figure 14A), and inhibition of IGF-1 using
a neutralizing antibody significantly suppressed

cardiomyocyte hypertrophy induced by the fibroblast-conditioned
medium (Figure 6F). Taken together, the résults so far demonstrate
that KLFS directly regulartes expression of Igfl, which appears to be

of paracrine facrors that induce hypertrophic responses in cardio-
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a major cardiotrophic factor secreted by fibroblasts.
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Figure 4.

Fibroblast-specific deletion of Kif5 attenuates cardiac hypertrophy and fibrosis after TAC. Kif5% and KIf5"":Postn-Cre mice were subjected to
LI-TAC or sham operation. (A) Representative low-magnification views of H&E-stained heart sections 2 weeks after the operations. Scale bar:
1 mm. The bottom-left panel was composited from 2 photographs of the same section. (B) Representative elastic picrosirius red—stained sections
and fibrotic areas. Scale bars: 100 um. (C) Fibrotic areas. (D} Heart weight/body weight ratios 2 weeks after the operations. (E) Echocardio-
graphic analysis 2 weeks after the operations. (F) Relative cross-sectional areas of cardiomyocytes. (G) Relative expression levels of Nppa and
Myh7 mRNA. Expression levels of each gene were normalized to 18s ribosomal RNA levels and then further normalized with respect to those

obtained with samples from KIf5"" mice subjected to sham operation.
KIf5"" subjectedto TAC. n=7.

We also found that the numbers of fibroblasts positive for
BrdU incorporation following LI-TAC were significantly smaller
in KIfS"Postn-Cre hearts than KIfS"f hearts (Supplemental
Figure 11B), which suggests that KLF5 may also be involved
in modulating fibroblast proliferation, either autonomously
(36-38) or by regulating autocrine/paracrine factors. Consistent
with the latter, we found that IGF-1 induces fibroblast prolifera-
tion (Supplemental Figure 14B).

We previously reported that KLFS also controls Pdgfs, which
encodes PDGF-A, in response to angiotensin II (14, 39). Ac the
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*P < 0.01 versus sham control of the same genotype; #P < 0.01 versus

same concentrations, PDGF-A was less able to induce cardiomyo-
cyte hypertrophy than IGF-1 (Supplemental Figure 14A), though
PDGF-A and IGF-1 similarly induced fibroblast proliferation
(Supplemental Figure 14B). PDGF-A induced greater migration of
fibroblasts in Boyden chamber assays than IGF-1 (Supplemental
Figure 14C), suggesting PDGF-A is primarily involved in mediat-
ing the migration and proliferation of fibroblasts. Thus, among
the paracrine factors controlled by KLFS, it appears to be a change
in IGF-1 activity that is primarily responsible for the reduced car-
diac hypertrophy observed in LI-TAC KIfS"#; Postn-Cre hearts.
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